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AN INVESTIEM!IONOF THE E)?IWTSOF JET

EXHAIJS!l!AND IWIWEOSNUMBERUFONTEtE I?U)WOVER THE

VERTICAL STABILIZER AND RUDDER OF TEE IOUGLAS D-558-II

RESEARCH KQU%ANE AT MACH NUMBERS

An investigation

OF 1.62, 1.93, AND2..41

By CarlE. &igsby

has been made to determinethe effectsof jet
exhaustand Reynoldsnwiberupon the flow overthe verticalstabilizer
and rudderof the DouglasD-558-II researchairplanewith specialatten-
tion to an understandingof the rudderreversalsexperiencedin flight .
on the full-scaleairplane. Testswere made at llachnumbersof 1.62,
1.93, and 2.41 over a rangeof ratiosof jet staticpressureto stresm
staticpressurefrom the jet-offratioto about40 and for a maxhum
rangeof sideslipanglesof ti”. Four differenttechniqueswere used in
the investigation:pressuredistributionover the verticaltail,free-
floating-ruddertests,ink-flowstudies,snd schlierenphotographs.
Analysisof the resultshas shownthat,at the lowerMach nmbers, an ;
analogyexistsbetweenthe flow characteristicsfor the verticaltail
(withouthorizontaltail)SK&the characteristicsfor a deltawing having
a roundleadingedge. RudderreverssM werk shownto occurat large
valuesof the jet static-pr~ure ratioas a resultof jet interference.
The interferenceeffectof varyingjet static-pressureratiowas found
to be confinedto a smallrangeof both anglesof sideslipand anglesof...
attackand to decreasewith increasingMach
cant at Mach numberof 2.41. The effectof
ratioand Reynoldsnumberupbn the silleklip
for the verticaltailwas smallat the Mach

INTRODUCTION

. ~ a recentflightof the DouglasD-558-II
urementsof the rudderhinge-momentcoefficient

9

nmiber,becominginsignifi-
VSZ’X@ both jet pressure
coefficien%s”%nd‘-derivatives
nmibersteste~:_,..-

b

researchairplane,mess-
were made which differed
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greatlyfor the power-onand the power-offconditions.For example,data
from referehceI showthat,at a MELChnwiberof 1.8 and an d.titude of
62,000 feet,a valueof rudderhinge-momentcoefficientof 0.014was
obtainedfor power-onflightand a VSJ.ueof -0.001for power-offflight.
M addition,fLLghttests of the X-1 researchairplane(ref.2) have shown
that at supersonicspeeds,the effectof the jet pressuresmsy be felt
forwardof the base as much as one base dismeter. Both the D-558-II and
the X-1 are rocketpoweredand the rocketinstallationsare sinWar.

PreHmhary resultspresentedin reference3 have affordeda possi-
ble explanationof the mechanismproducingrudderreversals. Although
the resultssufferfromhavingthe wake of the s~ort strutin the ssme
plane aa the verticaltail,the datA3indicatethat the high jet pressures
are felt forwardon the low-pressureside of the body and verticaltail
and causethe boundary-r to separate. The resultingshockwas
believedto causethe rudderreversals.

Ih orderto examtnein detailthe effectsof jet pressureupon the
flow field uverthe verticalstabilizerand rudderof the D-558-II
researchairplane,sn investigationhas been made in the Langley9-inch
srqersonictunnelof a l/63-sc~e model havingthe essentialfeatures
of the D-558-IIairpkne. The rearportionof the flightconfiguration
was duplicatedin the model,exceptthat the model tid not have a hori-
zontaltti. Testswere made for a cold-jetconditionat Mach nwibers
of 1.62,1.93, and 2.41 over a rangeof ratiosof jet staticpressureto
stresmstaticpressurefrom the jet-offvslueto aboutko and for a maxi-
mum rangeof sideslipanglesof *6°. Previousexperiencewith jetswith-
out secondaryflows,based on unptilished
sonicspeedscold-jetdatamay be used to

SYMBOLS

data,I&s shownthat at super-
predicthot-jet characteristics.

b-

Cy

Cn

w@ span (spanof W-scale &lane x s-e factor1/63)

lateral-force coefficient,‘ti~ force

-=~t coefficient,‘ati~ ~t
., qsb

“Rollinn
rollhg-mamentcoefficient, moment

qsb

localchordof verticsltail

sectionnormsl-force coefficient,measuredin yaw direction
v-

$“,:f~x
,
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chordwisesection-loadingcoefficient

tail heightabovebody centerme

free-streamMach nunber

Pz -P~
pressurecoefficient,—

~

free-streemstaticpressure

localstaticpressure

Jet staticpressureat nozzleexit

free-streamdynsmicpressure

for verticaltsil

free-stresmReynoldsntier based onmodel length

( (J)12
& &ea areaof full-scaleairplanex ~.

.-
.

vertical-tailcoordinates

angleof attack

Siaeslipangle

rudderangle;measuredfrom axis of model,positivefor
clockwisevalueswhen vcWwedfrom top of model

ratioof specificheat at constat pressureto specific
heat at constantvolume

Slibscripts:

t refersto verticaltail

$ derivativeof sidesli.pcoefficientwith respectto sideslip
a@le

APPARATUSANDTESTS”

Tunnel

The Lmgley 9-iIEh supersonictunnelis a continuous-operatiq
closed-circuittype of wind tunnelin whichthe pressure.,temperature,

. .——. .—. -- . ..———. .—. — -—.—— _ -.. —_____ ______
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and hmidity of the enclosedair can be regulated. DifferentMach num-
bers are providedby interchangeablenozzleblockswhich form test sec-
tionsapproxhuately9 inchessquare. Elevenfine-meshturbulence-&m@ng
screensare installedin the relativelylarge-areasettkhg chsniberahead
of the supersonicnozzle. A sclilierenopticalsystemis providedfor
qualitativeflow observations.

Models

A drawingof the model and supportsgivingthe principaldimensions
is shownin figure1. Althoughit was desirablethat the flightconfig-
urationbe dqlicated, a nuniberof modificationswere necessary. These
modificationswere, in general,of a minornature,and it is believed
that theywould contributeno significanteffectupon the resultsof this
investigaticin.The leading-edge-sweepangleof the wing was maintained
althoughthe wing did not taperin chordor in thicknessas did that of
the full-scaleairplane. The slightmodificationsto the wing section
and to the verticaltail sectionwhichwere necessaryto givemore thick-
ness near the trailingedge are shownin figure1. As can be seenin
figure1, the testmodel did not have a canopyor the horizontaltail.
With the pressuretubesinibeddedin the surfaceof the verticaltail,it
was impossibleto supportthe horizmrtsltail. Also,becauseof an error
in machining,the arearatioof the exhaustnozzleswas not duplicated.
Calibrationof the nozzlesindicatedthe exitMach numberto be 2.0 * O.1;
whereasthe Mach numberof the full-scalerocketsis 2.7 (asdetermined
on the basis of the area ratioand with 7 assumedto be 1.4). Unpub-
lishedresultshave shownthat differencesin Mach numberof this order
have only smalleffectupon base pressurein this rangeof
numbers.

The simulatedwing servedas a supportfor the model,
ationsin angleof sideslipwere permittedwith the tunnel
The leftwing panel servedas a duct for the high-pressure

jet Mach

so thatvari-
operating.
jet air. The

rightwing p&el servedas a conduitfor the pressuretribesnmuntedin
the verticalfin. A settlingchsniberof relativelylargeareawas pro-
vided insidethe body immediatelyah- of the r~~le ~zzle section>
which is shuwnh detailin figure1.

The verticalstabilizerand rudderis shownin figure2. Becauseof
the smallsize of the model,onlyten pressuretubescouldbe instslled
in the verticaltail,and the followingprocedurewas establishedto
obtainthe differentorificelocations. Testsat eachMach numbercovering
the completerangeof test variableswere made for a givenset of ten ori-
fice locations. Theseorificeswere filledand new locationsdrilled.
The completesequenceat eachMach numberwas then repeated. The maximum
deviationof the vertical-tailplan form of the tunnel
scsled-downplan form of the flightairplane(as shown
about0.020inch.

model from the

in figure2) was

.

.. .. . ----- ___ ----- _____ .. ----
.
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Photographsillustratingthe tunnelsetrqare shownin figure3(a).
The angle-of-sideslipmechanismis shownin the u~er photograph.The
sideslip-anglerangewas limitedto thoseanglesfree of interference
from the supportstruts. This anglerangewas establishedat eachMach
numberby schlierenobservation,and by visualobservationof the changes
in the pressuresoverthe verticaltail as sideslipsinglewas varied.
Detailsof the two floatingrudderstestedare shownin figure3(b),and
the rudderoutlineis shownin figure2. The basicrudderhas the-same
sectionas the trailing-edgesectionof the verticaltail,whereasthe
slabrudderhad constant-thiclmesssectionshawingthe ssmethicknessas
the basicrudderat the hingeline. The rudderswere supportedon small
pinswhich gave smalJresistanceto rotationalmovement.

.

Tests

The testswere dividedinto four categories:

(a)Measurementsof the pressuredistributionoverthe vertical
stabilizerand rudder.

(b) lids-flowst&liesof the flow fieldover the verticaltail. nils
was bled from the two orificesindicatedon figure2.

(c)Free-floatingruddertests.

(d)Schlierenphotographsof the model in both horizontaland ver-
ticalposition.

The modelwas mouutedas shown-infigure3(a) for all testsexcept
thosein which scblierenphotographswere made of the model in a verti-
cal position. The rudderanglesin the free-floatingruddertestswere
measuredby reflectinga lightbesm fran a smallmirrorwedded in the
rudderonto a calibratedscale. The free-floathg rudderswere nti mass
btiedj an attemptto balancethe basicrudderwith the use of bob-
weightswas unsuccessfulbecauseof the high drag of the bslanceweights.
Earlyattemptsto obtainresultswith the basicrudderwere unsuccessful
as a resultof rudderoscillations;the slabrudderwas testedin an
attemptto reducetheseoscillationsby changhg the naturalfrequency
of the rudder.

!lkstswere made with the transitionftiedby a transitionstripof
crushedsaltparticlesextendingfrom the leadingedge of the vertical
tail to aboutthe locationof the firstorificeat each station. The
extentof the transitionstripis indicatedon figure2. The testswith

. the transitionstripwere made to duplicatehi@ Reynoldsnuuibercondi-
tionswhilemaintainingthe largejet pressureratios,sinceit was
impossibleto obtainhigh Reynoldsnunbersand largeset s-tic-pressure

1. ratiossimultaneously.

—-. . . ..— — — .— — —— -. ..... .
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A comparisonof flightand tunnel.test conditionstogetherwith the
rangeof tunneltest variablesis givenin the followingtables:

Flight

I 1A~Alti-tlltie>pJ s
ft R

1.621 60,000 I 9.6 146.u x 106

1.621 80,000 125.0 119.a

1.931 60,000 I 9.6 159.50

1.93180,000 125.0 122.go

Tunnel

RM Pjp?s a $

1.62 off to 00, 50 20 0.95x 106
37957

1.62 off 0°, 5° 2° 8.14

1.93off to 00, 5° 4° 1.30
39.32

1.93 off 0°> 5° 4° 7.28

2.41 off to 00, 50 6° 2.05
41.66

2.41 off 0°> 50 6° 5.96

PLWKISIONOF DATA

The modelwas locatedwithin*O.1OOof zeropitchand zero sideslip
with respectto the tuunelcenterline and tunnelsidewalls,respectively.
Previousmeasurementsof the flow angularityin the test sectionhave
shownnegligibledeviations.The pressurecoefficientshave not been
correctedfor any variationin stresmstaticpressure. The estimated
accuraciesof the test variablesand coefficientswe givenh the fol-
lowingtable:

Machnumber,M........ . . . . . . . . . . . . . . . . . *o.01

Reynoldsnwiber,R.... . . . . . . . . . . . . . . . . . *0.03x 106
Pressurecoefficient,P... . . . . . . . . . . . . . . . . .*O.002
Angle ofat@ck, a..... . . . . . . . . . . . . . . . . . . *0.050
Angle ofsideslip,p....... . . . . . . . . . . . . . ..*O.lOO
Rudderangle (relative) . . . . . . . . . . . . . . . . . . ..*0.02°
Ruddera@e(initis&) . . . . . . . . . . . . . . . . . . . ..*o.250

A

-. — . .—

.



R13suL’rs

NACA RM L54E03 7

The figureswill be presentedand theircontentsdescribedbriefly
beforediscussionof the results,sinceit is believedthat a more thor-
oughunderstandingof the resultsmsy be obtainedby a simultaneousdis-
cussionof relatedfigures. The discussionof the resultsis concerned
principallytith the effectsupon the characteristicsof the vertical
tail of variationsin the main psmmeters of the investigation- that
is, jet static-pressureratio,angleof sideslip,Reynoldsnuniber,angle
of attack,and Mach number.

The pressuredistributionsoverthe verticalstabilizerand rudder
at M= 2.41 for varioussideslipanglesand jet static-pressureratios
are shownin figure4. The correspondingpressuredistributionsat
M=l.93 sreshown in figure5 andat M= 1.62, in figure6. ~ the
pressuredistributionsat u = 0° axe shownalthoughresultswere obtained
at both 0° and 5° angleof attack. Curvesare fairedthroughthe results
for the low Reynoldsnmiberjet-offcondition,for the maximumjet static-
IJ)rE%3SU??e-??diOdata, and for the high Reynoldsnuniberjet-offcondition.

Typicalcurvesillustratingthe effectof varyingangleof attack
upon the pressuredistributionoverthe verticalstabilizerand rudder
for M = 1.93 with the jet off are shownin figure7.

An attemptwas made to duplicatehigh Reynoldsnuniberconditions
. over the rudderby fixingtransitionwith a transitionstripalongthe

leadingedge of the verticaltail. Typicslpressuredistributionsillus-
tratingthe effectof fixingtransitionfor a jet-offconditionue shown

( )
in figure8 for verticalstation 2 ~ = 0.643 .

Sketchesfrom resultsof ink-flowstudiesof the flow overthe ver-
ticaltail are shownin figures9 and 10. These sketcheswere made from
individualframesof motionpicturestakenfor each sequenceof test
variables. The effectof variationin Reynoldsnumber,sidesl.ipangle,
and angleof attackfor the jet-offconditionat M = 1.93 and 1.62 are
shownin figure9. The effectof varyingjet static-pressureratioat
M = 1.93 and 1.62 are showntn figure10. The directionof flow of the
ink doesnot correspondto the flow streamlinesoutsidethe boundary
layer,but ratheris an indicationof the directionof pressuregradient.
Thus,the directionof fluw shuwnby the arrowson the sketchesindicates
negativeor fallingpressuregradients.

The resultsof the floating-zniidertestsfor both the basicand slab
ruddersfor M = 1.62 are shownin figure~. similartestswere made

. at M= 1.93 for the basicrudderwith and withoutbalanceweights,and
for the slabrudder. At thisI&ch number,however,considerablediffi-
cultywas experiencedwith rudderoscillationsand the dataare not. .,
presented. ,=....---

. -...—- .——.— .-. —.- -.—.. —— ———. .__ —_- ____ __________ _____.. . . .
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Typicals-eren
in jet stati~pressure
M= 1.93 are shownin
numbersare presented.

photographsillustratingthe effectsof variations
ratioupon the flow overthe rear of the model for
figure12. Photographsat two streamReynolds

The spanwisevariationof the integratedsectionloadingcoefficients
of the verticaltail are givenin figure13 for all Mach nmnbers. The
resultscoverthe completerangeof test variablesand curvesare faired
for the low Reynoldsnumberdatafor the jet-offcondition,for the msxi-
mum jet pressureratio,and for the high Reynoldsnumberjet-offcondi-
tion. The variationof the sideslipcoefficientswith sideslipamgleis
shownfor all Mach numbersin figure14. A comparisonof the low Reynolds
numberresultswith ~ high Reynoldsnumberresultsis alsomade. The
variationof the sideslipderivativesfor the verticaltailwith Mach num-
ber is shownin figure15. Also givenis a compilationof wind-tunuel
results(refs.4 and 5) over the Mach numberraugetogetherwith the theo-
reticalresultsfor the caurpleteairplane(ref.4). ~ figure16 the
variationof the static-directional-stabilityderivativewith Mach number
is presented,and a comparisonof wind-tunnelresultsand flightresults
is made. TIE presentresultswere obtdned by adding-0.0036(thevalue
of the derivative
valuesof

f)‘$ t

for the body-wingconfigurationfrom ref. 5) to the
from figure15.

DISCUSSION

Effectof VaryingJet Static-PressureRatio

It was possibleto have only a smallnmiberof pressureorificesin
the rudderarea and thesewere placednear the hingeline. (Seefig. 2.)
Thus,it was necessq to extrapolatethe resriltsto the stabilizerand
ruddertrailingedge,so that it was difficultto obtainany accurate
pictureof the rudderreversalsfrcm the pressuredistributions.lMlca-
tion of rudderreversalmay be seen on the distributionsat M = 1.62.
(fig.6). Essentiallyno effectof variationsin jet pressureratiowas
foundfrom the pressuredistributionsat M = 2.41 (fig.4) and M = 1.93
(fig.5). An attemptwas made to determinethe rudder-lockedhinge-moment
coefficientsby integrationof the pressuresoverthe rudderarea. This
integrationwas made at M = 1.62 for a = 0° and ~ = w“ with the
followingresults:

.-. -
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~jps I Rudderhinge-mment
coefficient I

Jet off
7*55
15.68%
23.99
32.48
37●57

0.003
.004
.014
.014
.020
.015

Thesevaluesof rudderhinge-mcmentcoefficientcan at best be con-
sideredapproximatein view of the smallforcesconsideredand the nec-
essaryextrapolationsin the pressuredistributions.Hawever,the coef-
ficientsdo agreeas to orderof magnitudewith the valuesmeasuredin
flight(ref.1). s~ cSICtitiOnSmade for u= 5° gave little
systematicvariationof hingemmnentwith jet static-pressureratio.
Ikeminationof the pressuredistributionsdoesrevealthat the stick-
fixedhingemomentof the rudderwill be low and only smallchangesin
pressureoverthe rudderarea are necessaryto producelarge-percentage
changesin rudderbingemoment. The effectof variationsin jet static-
pressureratioupon the integratedspanwiseloadingsof the vertical
tail (fig.13) and upon the sideslipcoefficientsand derivativeswas
small.

The effectof the jet upon the flow characteristicsoverthe verti-
cal tail (withouthorizontaltail)as determinedfrcm the ink-flowstudies
atM= 1.62 and 1.93 (fig.10) may be brieflysumarized as follows:

1. High-pressuresurface: At ~ = -2° for bothMach numbers,the
high jet pressuresmoved forwardinto the separatedregim on the verti-
cal.tail,the separationpointmovingforwardwith increasingjetpres-
sureratio. The separatedregionis shownin the pressuredistributions
to be greatlyinfluencedby changesin Reynoldsnumber;thus,it is prob-
ablethat the full-scaleairplanehavingconsiderablyhigherReynolds
n~er wouldnot experiencethis effect. It shouldalsobe pointedout
thatpresenceof the ink on the tail can alterto scmE de~ee the
boundary-layerflow overthe tail. Thus the locationof separationmay
be in error,but qyslitativelythe trendsare correct. For the condi-
tion of p = -4°, M = 1.93,the jet has littleeffecton the flow over
the verticaltail.

2. Low-pressuresurface: For all sideslipangles,increasingjet
pressureratiocausedthe ink flow in the vicinityof the body and the
vertical-tailtrailingedge to move away from the body and towardthe
tip. Sincethe flow followsthe directionof decre=hg pressure,the
resultsindicatea high pressurearea overthe lowerportionof the
rudderwhich increaseswith increasingjet pressure. This result

Ff-; -= - --”-* aNmm@E@i!mi

.—. —.-— —.—— . . . .—. — .. --. .—.. — --
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indicatesthat the mechanismof rudderreversalgivenin reference3 is
probablypresenton this configuration.The changein flow Mrection
is greatestat M = 1.62 indicatingthat the high pressurebleed-forward
is greatestfor thisMach number.

Amore directindicationof the effectof the jet upon the rudder
characteristicsmay be seen from the resultsof the free-floating-rudder
tests (fig.n). Althoughtheseresultsare not directlycmnparableto
the rudderhinge+momentparametermeasuredin flight,the datagive an
indicationof the stick-freerudderhingemoment. Slightasymmetriesin
the floatingruddercausethe differencebetweenthe resultsfor the
positiveand the negativesideslipanglesand may causethe jet-offrud-
der augleto be slightlyin error. Only the variationin rudderangles
is importantin tl@s case,however. Testswere made at both M = 1.62
andM= 1.93 but rudderoscil.latiunsand flutterat M = 1.93 made it
impossibleto obtainaccurateresultsand consequentlythe resultsare
not shown. It was possible,however,to obtainsometrendsin the vari-
ationof rudderangleswith jet pressureratio. At M = 1.62 the rudder
floatsat a negativerudderangle. For both rudderconfigurationsat
a= 0° and j3= =0, increasingjet pressureratiocausedthe rudderto
move intothe flowwhichwould correspondto an overbalancecondition.
The variationof rudderanglewith jet pressureratiowas largestfor the
basicrudderin the turbulentboundarylsyer (transitionfixed)being
about3° at the maximumpressureratio. At M . 1.93 the rudderfloats
at a positiverudderangle (datanot shown). For a = 0° and j3= ~2°
only,the variationof rudderanglewith jet pressureratiowas smaller
at M= 1.93 thanat M= 1.62. At both Mach nmbers the jet had little
effectupon the rudderwhen the modelwas at 5° angleof attack. Also,
littlejet interferenceeffectwas shownat P = *4° for both -es of
attackat M = 1.93. Theseresultsthus indicatethat the interference
effectof the jetwas confinedto a smallanglerangefor both sideslip
and angleof attack.

It was hopedthat somefurtherinsightintothe physicalphenmena
associatedwith rudderreversalmightbe foundfrmn schlierenphotographs
suchas are shownin figure12. It was found,however,that the body and
jet flowmaskedthe flow over the vertical,stabilizerand rudderto such
an extentas to make a detailedanalysisimpossible.It is apparentthat
any forwardmovementof the shockat the jet exit is confinedto the region
of the junctureof the body end verticaltail,sincethe exit shockwave
can be seen clearlyin both viewsexceptin that region(seethe side view,
fig. 12), and the shockis shmn to be attachedto the modelbase. It thus
appearsreasonableto concludethat the mechanismof jet interactiongiven
in reference3 is generallysatisfactoryh explainingthe presentresults;
however,
body and

the interaction
verticaltail.

is confinedto the regionof the junctureof the

. .
t-~’%
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Effectof VaryingSideslip

11

Angle

A discussionof the effectsof sideslipangleupon the pressuredis-
tributionoverthe verticaltail can possiblybe presentedmore effec-
tivelyunderthe sectiondiscussingReynoldsnumbereffects. Some gen-
ersl statements,however,csn be made. At Mach number2.41 (fig.4), the
distributionsare of the type expectedfor this-airfoilsectionwith
extensiveregionsof separationshownespeciallynear the tip. The sepa-
ratedregionsat the tip increaseas the Mach nuniberis decreasedto 1.93,
probablyas a resultof the decreasein Reynoldsnumber. A highpressure

peak is shownfor the resultsat R = 1.WX106 and p= -40. This
pressurepeak disappearsas the Reynoldsnumberis increasedto7.29x 106.
Littleeffectof sideslipanglecouldbe deterdnedat M= 1.62 since
the rangewas severelylimited.

The sectionloadingsshownin figure13 are of the type to be
qcted for this type of configurationwith peak loadingcoefficients
at z~h = 0.354..Thesepeak coefficientsare a resultof both the geom-
etry of the verticsltail snd body-tailinterference.The statim clos-
est to the body (z/h= 0.251)is in the separatedflow overthe re=
of the body,which causesthe low and evennegativesectionloading
coefficients.

The variationof the sideslipcoefficientswith si@eslipangle
(fig.14) isnearly linearat M = 2.41 with somenonlinearitiesshown
at M= 1.93. The agreementas to orderof magnitudeof the sides3ip
derivativesof the presentinvestigatimand the resultsof reference5
(fig.15) is consideredsatisfactoryin view of the differencesbetween
the two test configuraticms.The configurationused in this investiga-
tion did not have a horizmtal tail and the forceson the body due to
the tailwere not measured;whereasthe configurationof reference5 had
a slightlysmallerverticsltail. The differencein the trendswith
Mach nuniberbetweenthe resultsof the two testsis not understood.This
clifferencein trendsis furtherillustratedin figure16. A conservative
estjmateof ?n~ of the body due to the tail (appro~tely 0.0005at ●

M = 1.62)as obtainedfrom reference6 bringsthe presentresultscloser
in linewith the datafrm reference5. (The qper valueof Cnp at

M= 1.61 (ref.5) is measuredover a yaw anglerangeof fi” whilethe
lowervalueis for ~ = 00). Thereis some dmibt,however,as to the
correctvariationof

%
with Mach nmuberfor the D-558-II.

The ink-flowpatternsgivenin figure9 illustratea numberof the
effectsof varyingsidesl.ipanglediscussedpreviouslyunderthe pres-
sure distributions.The resultsat M = 1.93 (fig.9(a))will be con-
sideredfirst. The extensiveregionsof separationnear the trailing
edge are shuwnfor the high-pressuresurfaceat ~ = -2°. The

... .. — . ____ ___ -—. . . — _____ —----- -—.
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low-pressuresurfacesat both ~ = -2° and -4° show separatedre@o~
near the tip at low Reynoldsnwibers. On the high-pressuresurfaceat
P = -4° a largeconcentrationof ink is shownin the regionof the
severehighpressurepeak. The resultsat M = 1.62 (fig.g(b))show
clesrl.ya similarityto the flow characteristicsof the deltawing
reportedin the investigationof Hatchend CkLlagher(see,for exsmple,
fig. 12 ofref. 7). On.thelow-pressuresurface,the ink flowsup toward
the regicmof leading-edgeseparation.The ink flowsalongthe sepa-
ratedregionuntil-the ink pilesup to such an extentthat it flowsback
towardthe trailingedge. This type of distributionis shuwnfor both
Reynoldsnunibers.The largeconcentrationof ink near

fice for the high-pressuresurfacefor R = 0.95 x 106
associatedwith the largeadversepressuregradientin

Effectof VaryingReynoldsNuniber

the releaseori-

is probably
that region.

An attemptwas made to duplicatehighReynoldsnumberconditions
(bythe use of transitionon the leadingedge of the verticaltail)while
maintainingthe largevaluesof jet static-pressureratio. This attempt
was onlypartiallysuccessfulas the flow tended,especiallynear the
tip,to separateat the transitionstripand reattachfartherdownstream
as a lamLnarboundarylsyer. Typicalresultsof the transition-ftied
dataare shownin figure8 where at M = 2.41 and 1.93 separationwas
_dby the use of tk trmition strip. At M = 1.62,however,the
use of transitionwas unsuccessfulin producinghigh Reynoldsnuniber
conditions.Thus,the discussionof Reynoldsnumbereffectswill be
confinedto a studyof flow characteristicsoverthe verticalstabilizer
and unreflectedrudderwith no jet flow.

Tbe effectof va@ng Reynoldsnumberupon the pressuredistri-
butionoverthe verticalstabilizerand ruddermay be summarizedas
follows. At M = 2.41 (fig.4) the principaleffectof increasing
Reynoldsnwiberwas to preventor delq separationon the low-pressure
surfaceat stations1, 2, and 3. At stations4 and 5 the displacement
of the pressure-distributioncurvesfor the two Reynoldsnumbersis
believedto be a resultof the changein flow directionaboutthe rear
of the body as a resultof the changein separatim on the bodywith
~ Reynoldsnumber. @reasing Reynoldsnumberat M = 1.93
(fig.5) also de-d or preventedseparationon the low-pressuresur-
face at stations1 and 2. The severehigh pressurepeak on the high
pressureat stations1, 2, and 3 was completelyremovedas the Reynolds
numberwas increasedfrom 1.3o to 7.29 x 106. similar effects of

increasingReynoldsnumberas were discussedat M = 2.41 are indicated
at stations4 an&5. Large changesin pressuredistributionwith
increasingReynoldsnrmiberare shownat M =1.62 (fig.6). A high
pressurepedc occurson the low-pressuresurfaceat stations1 through4

.
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for a Reynoldsnwiberof 8.14

~! 13

x 106. Similar high pressurepeaksare
indicatedcm the high-pressuresurfaceat statio~ > and 4. ‘The pres-

.
sure distributionsfor R = 8.14x 106 compareverywell.in general
shapeto the chordwisedistributionsobtainedfrom tableIII of refer-
ence7 for a deltawing having68.4°leadhg-edge sweep. The Reynolds

6nuniberof theseresultswas 2.2 x 10 and the correspondhgReynolds
numberfor the presentresults,based on the mean aerodynamicchordof

the verticaltail,is 1.67 x 106. The analogybetweenthe flow of the
verticaltail of the D-558-IImodelwithouta horizontaltail and a
delta~ havingroundleaMng edge is evident. Sane evidenceof the
shockwaves lyingon the verticaltailmay be seen at the tail tip in
the scblierenphotographsof figure12.

Only radom effectsof varyingReynoldsnumberupon the spsnwise
variationof sectionloa~ coefficient(fig.13) are shownat either
Mach numberwith the largesteffectsoccurringat the lowerMach nuibers.
The effectof increasingReynoldsnuniberupon the sideslipderivatives
was to increasethe derivatives(fig.15) with the lcu?gestincreaseshown
at the lowerMach numbers.

The ink-flow patternsshownin figure9 providean excellentcorre-
lationwith the Reynoldsnumbereffectdiscussedunderpressuredistri-
butions. The actionof increasingReynoldsnumberto preventor delay
separationma the removalof the high pressurepeak at ~ = -4° are
illustratedin figure9(a). The patternsgivenfor M = 1.62 (fig.9(b))
showthat an increasein Reynoldsnuuiberdoesnot smoothout the flow
characteristicsas was true for M = 1.93. For a= 0° and M = 1.62.
the ink tendsto flowmore towardthe leadingedgeas a resultof the
more negativepressuresin that regionat the higherReynoldsnuniber.
(Seefig. 6.) At a = 5°, indicationsof turbulentspreadingof the ink
are shownat the higherReynoldsnuniber.

Effectof VaryingAngle of Attack

Some effectof angleof attackupon the pressuredistributionover
the verticaltail can be seenfrom figure7 for M = 1.93. As mightbe
expectedthe generalshapeof the curvesis unchangedalthoughthe sepa-
rationpoint and the locationof the high pressurepeeks are muved for-
ward at the higheranglesof attack. Shnilarresultsare shownfrcm the
ink-flowpatternsgivenin figure9(a). Some changeh the spanwise
variationof sectionloadingcoefficients(fig.13) is shownfor varying
sngleof attack. This variationshowsup principallyas a decreasein
the sidesl.ipderivativesat M = 1.62 ma 1.93 (fig.15). NO effectof

. varyingengleof attackis shownat M = 2.41.

—. .—— ———. —— .. ... .— -
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CONCLUDINGREMARKS

investigationhas been made to determinethe effectsof jet
and Reynoldsnumberupon the flow overthe verticalstabilizer

aud rudderof the DouglasD-558-II researchairplanewith specialatten-
tion givento the understandingof the rudderrevers~ experiencedin
flighton the full-scsleairplane. Four differenttecbmiqueswere used
in the investigation:pressuredistributionoverthe vertical.tail,
free-floatingruddertests,ink-flow studies,aud scliLLerenphotographs.
Testswere made at ~ch nuuibersof 1.62,1.93,and 2.41 over a rangeof
jet static-pressureratiosfrom jet off to about40 and for a maximum
rsngeof sideslipanglesof t6°. The pertinentresultsof this inves-
tigationare sumarized as follows:

Pressuredistributionsobtainedoverthe verticalstabilizeraud
rudderhave indicateda largeeffectof Reynoldsnumber,especiallyat
a~ch nuniberof 1.62. Althoughthe detailedpressuredistributionsat
the lowerReynoldsnumberare not comparableto flightresults,indica-
tion of rudderreversalsat the higherjet stati~pressureratiosare
present. Exsmha.tionof the pressuredistributions,and resultsof ink-
flow studieshave shownthe flow characteristicsover the verticalsta-
bilizerand rudderat the lowerMach numbersto be analogousto that for
a deltawing havinga roundleadingedge.

The detailedmechaniamof rudderreversalwas not conclusively
proved;however,it was tidicatedthatthe physicalmodel giveninNACA
RML52L02a was satisfactorywith the jet interferenceconfinedto the
regionof the junctureof the body and verticaltail. I?ree-floating
rudderanglesobtainedfor both the slabrudderand the basic ruddercon- .
figurationsgave rudderreversalsfor the jet-onconditionat a Mach
nrmtmrof 1.62. The rudderanglebecsmemore negativewith increasing
jet static-pressureratiowitha maxinumvariationobtainedfor the
basic rudderwith turbulentb~ layer (f~d transition).

The interferenceeffectof varyingjet static-pressureratiowas
foundto be confinedto a smallsmgle-of-sideslipand sngle-of-attack
range. The titerferenceeffectalso decreasedwith Wcreasing lkch num-
ber, becomhg insignificantat aMachnuuiberof 2.41. !l!heeffectof
VSZ’Y@ eitherjet s~tic-Press~e ratioor Reynoldsnuuiberupon the
sideslipcoefficientsand derivativesfor the verticaltailwas smaIl
at the Mach numberstested. Comparisonof the sideslipderivatives
for the verticaltailwith resultsfrom smothersourcehas shown

.
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.
differencesbetweenthe trendswith Mach nuniber;consequently,thereis
somedotitas to the correctvariationof the static-dhectionalsta.
bilityderivativewith Wch nuniber.

LangleyAeronautical.Laboratory,
NationalAdvisoryCommitteefor Aeronautics,

LangleyField,Vs., Aprfi16, 1954.
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Three-quarter rear view

Bottom view Front view

L-83665

(a) Tunnel setup for pressuredistributions,i~-flow st~ies, ~
floating-ruddertests.

Figure3.- Photographsof test setup.
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Basic rudder installation

Rear view of slab rudder
showingthick truiling edge

(b)Floating-rudderinstallations.

Figure3.- Concluded.
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E

(a) Station

n
s==—

‘~b)Station2;

Figure4.- Effectof varyingsideslipangleand jetpressureratioon
the pressuredistributionoverthe verticalstabilizersnd rudder
at M= 2.41. a = OO; br = OO.
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(a) Station 1; f = 0.807.
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Figure5.- Effectof varyingsides~p sngleand jet pressureratioon
the pressuredistributionoverthe verticslstabilizerand rudder
at M= 1.93. a = OO; ~r = 0°.
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Figure7.- Effectof varyingangleof attackon the pressuredistribution

overthe verticalstabilizerand rudder. M = 1.93;R = 1.30x 106;
jet off;br .00.
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High pESS.*
p=+”

(a) M = 1.93.

Figure9.- Sketchof ink-flowpatternillustratingeffectsof varying
Reynoldsnuuiberon the flow overthe verticalstabilizerand rudder.
Jet off;br = OO.
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Figure 9.- Concluded.
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Figure10.- Sketchof ink-flowpatternsillustratingeffectsof varying
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Figure10.- Concluded.
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Figure11.-llPfectof varyingjet pressureratio upon the angle of the
free-floating rudder. M = 1.62.
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Figure 1.2.- Typicel schlieren photographs il.luetrati’kg the effect of jet

pressure ratio upon the flow characteristics over the reer of the model
@ verticsl stabiliser and rudder. a = OO; B = 2°; M= 1.93.
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